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ABSTRACT
REMOTELY SENSED HYDROCLIMATIC VARIABILITY FOR
WATER SECURITY IN AN AGRICULTURAL BASIN
Ashish Kondal

The Indus Basin has supported agricultural practices since the Harappan civilization (3000-1500
BC). Abundance of water has always supported agriculture in the region and built the Indus Basin
as one of the major agriculture based economies of the world. The obvious dependency of
agriculture on weather and the vagaries of climate emphasizes the necessity of a comprehensive
hydro-climate study of the region. The role of climate change in the Indus Basin has always been
a contentious issue. Groundwater depletion is evident in the region, and its steady and alarmingly
declining rate has brought concerns for the future of agriculture in the Indus Basin.
In this study, spatial and temporal trends of the hydro-climatic parameters; precipitation, air
temperature, and snow cover, were determined to address changes in such processes. No
statistically significant changes were observed in hydro-climatological processes that could lead
to agriculture failure, but recently the prospect of permanent desertification has been lingering over
some parts of the Indus Basin. The origin of this situation lie in unmonitored and extensive tapping
of historically untouched groundwater resources for irrigation purposes. Punjab, a state in NorthWest India, is considered to be fundamental to India’s food security was chosen to assess the
groundwater depletion. It is found out that, with the current rate of groundwater depletion and with
paddy as a mainstream crop, total groundwater depletion is inevitable in coming decades. We have

generated a series of groundwater scenarios using aquifer data to challenge the notion of paddy
dominant cropping system and have produced timelines to identify the time when the water
required for paddy cultivation has or will surpass the total volume of groundwater that can be
provided by certain aquifer over that specific area. This study clearly indicates that the exponential
increase in paddy cultivation has put the groundwater resources under stress and it is just a matter
of time that what has been happening in some part of Indus Basin becomes the dominant fate of
the region.
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CHAPTER 1: INTRODUCTION
The Indus Basin is one of the largest river basins in Asia extending between the Hindukush
– Karakoram – Himalaya (HKH) Mountains range and the Tibetan Plateau. The Indus River is
also one of the largest rivers in Asia, collecting water from many tributaries, many of which are
major rivers in themselves. The Indus Basin has a history of prosperous civilization with
agriculture as its underpinning. Abundance of water resources had always supported agriculture
over the region and built the Indus Basin as an empire with an agriculture based economy. In
addition to providing most of Pakistan’s arable land, it also includes India’s most valuable arable
land in term of food security, which make this basin very important in agro-economic terms. In
Pakistan alone, agriculture supports approximately 75% of the population, provides employment
to 44% of the labor force and accounts for more than 60% of foreign exchange earnings (Qureshi,
2011).
The Indus Basin experiences all types of precipitation, but most of water comes from rain
and snow. The extent of precipitation generally depends upon climatic factors, topographic factors,
wind speed and wind orientation. Along with these factors, complex orographic barriers affect the
magnitude, frequency and intensity of precipitation. Due to these insurmountable orographic
characteristics of the Indus Basin, hydro-meteorological parameters vary spatially as well as
temporally. Most prominent and influential effects of these orographic characteristics are on the
precipitation in the Indus Basin. Rain is the most common form of precipitation in low elevation
regions, where it directly contributes to runoff. Though, snow also occurs in low elevation region,
but it melts faster than at high elevation regions and therefore more rapidly becomes part of the
runoff. In contrast, precipitation occurs as snow in high elevation regions, where it initially is
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stored and then with time, melts and contributes to surface runoff and river flow (Archer, 2003).
This runoff originated from snow or glacier melt is the main source of water to perennial rivers,
which ultimately facilitate agriculture through vast canal network in the Indus Basin.
Climate change and its influence on water resources in the Indus Basin has always been a
contentious issue, but discrepancies in climate studies have highlighted complications in the
generally accepted view of climate over the region. It is widely known that the irrigation dependent
agriculture is more prevalent in the Indus Basin than anywhere else in the world, around 80 percent
of arable land is under irrigation in Pakistan alone. A rapid growth in population and thus
increasing demands for food, with no new water supply, has put existing water resources under
stress (Qureshi, 2011). Moreover, the lack of consensus on climate change has complicated and
exacerbated this water stress, and further, causes a challenge to compete for water supply within
different sectors of community especially for agriculture. The dependency of agriculture on
weather is well known and the vagaries of climate can affect food production (Gadgil and Kumar,
2006), so it is very important to have a clear understanding of the regional climate system.
Agriculture can only flourish and be sustained through adequate water supply, required for
crop growth and production. Both water scarcity as well as excess, can cause a loss in crop
productivity and loss in crop yield (Gadgil and Kumar, 2006). Most of the cultivable area in the
Indus Basin is under irrigation through well-connected canal networks (Yu et al., 2013) and only
minority of the area is rain-fed, nevertheless, the direct importance of rainfall to agriculture cannot
be understated or ignored. The variability of precipitation and its intensity, erratic rain events, and
poor temporal and spatial distribution of rainfall, plays an important role in sustaining and
safekeeping the standing crop.

2

This study had two main objectives: 1) To mitigate the ambiguity of climate change and its implications on water resources in
the Indus Basin.
2) To explore groundwater decline in the Punjab region of India. The Punjab was selected
for its unique contribution in achieving and ensuring food security in India during the
Green Revolution. The timelines of groundwater storage depletion are generated based
on current groundwater depletion, recharge and current cropping practice (only paddy
crop has been used, instead of full cropping rotation). These timelines identifies the
time period, when the aquifer had or will have insufficient water to sustain paddy crop.
This study provides a clear insight on climate change over the Indus Basin along with
highlighting the severity of groundwater depletion in the Punjab and illuminates the major factor
that has caused and continuously exacerbated this situation.
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CHAPTER 2: STUDY AREA
2.1 Indus Basin
The Indus Basin covers about 11,54,500 km2, spread over parts of Pakistan (47%), India
(39%), Afghanistan (6%) and China (8%) (Dahri et al., 2016) (Figure 1). Major tributaries of the
Indus River are the Jhelum, the Chenab, the Ravi, the Beas and the Sutlej from east and the Kabul,
the Swat, and the Kurd from west. Millions of people depends upon the river flow of the Upper
Indus Basin (UIB) for food security and for their livelihoods. To ensure the wellbeing of Pakistan
and Northern India, its water resources are of the utmost importance, for supporting local incomes
and food nutrition through irrigated agriculture and the electricity supplied through hydropower
(Forsyethe et al., 2012). The Indus Basin Irrigation System is the largest irrigation system in the
world, with Pakistan accounting for 60.9% of the irrigated land and India 37.2% (Laghari et al.,
2012). Archer et al. (2010) conducted a comprehensive study on water resources management of
the Indus Basin, that identified the importance of these water resources for limiting food insecurity
and electricity load-shedding in Pakistan. However, the upstream areas of UIB, which provides
maximum water for the basin, lacks infrastructure in comparison to downstream areas, thus
communities residing in downstream areas get much greater benefits than the upstream
communities (Forsyethe et al., 2012). To attain equality between downstream and upstream
communities across the Indus basin, it is important to monitor the driving forces which causes
these anomalies. Other than snow and glacier melt, precipitation is the main driving force, which
affects the river flow and thus, consequently affects agriculture and other life sustaining activities
over the region.
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2.2 Punjab
Punjab state, located in northeastern part of the Indus Basin, extends from 29.30° N to
32.32° N and 73.55° E to 76.5° E. It shares boundaries with four states: Jammu & Kashmir in the
north-east, Himachal Pradesh in the east, Haryana and Rajasthan in the south and one international
boundary with Pakistan to the west (Chopra and Krishan, 2014) (Figure 1). Punjab is
predominantly an agricultural state that is intensively engaged in irrigation-facilitated agriculture,
with 98% of the net area sown under irrigation and 80% of the population is economically involved
in agricultural practices. It has the highest percentage of irrigated land in comparison to the total
cultivable land available in India (Chopra and Krishan, 2014; Grant, 2013). Groundwater resources
has emerged as prime source of irrigation in the state. In recent times, groundwater use for
irrigation has increased to 75% of the total irrigated area. This reliance on groundwater to satisfy
demand has led to a steady decline in the water table (Grant, 2013).
In Punjab, the cropping season is categorized as rabi (mid-October to mid-April) and kharif
seasons (mid-April to mid-October) (Ahmad et al., 2009). Rabi crops include wheat, pulses,
oilseeds and fodder that are grown in September, October and November and harvested in March,
April and May. Kharif season includes crops such as cotton, maize, rice, sorghum, vegetables and
fodder which are grown in April, May and June and harvested in October and November
(Bastiaanssen et al., 2002). Rabi crops requires comparatively lower temperature and lower rainfall
than kharif crops during sowing period. Sowing and harvesting time of both rabi and kharif crops
varies with different climatic conditions, cropping patterns, crop varieties, and other agricultural
practices as well as the region (PAU, Package of Practices for Kharif Crops of Punjab, 2007; PAU,
Package of Practices for Rabi Crops of Punjab, 2007-08).
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Figure 1. Extent of the Indus Basin and the Punjab
The prime motive for choosing the Punjab state for assessing the prospect of agriculture
based on groundwater extraction in coming years, was due to its deep historical linkages in
ensuring the food security of India. The concern for eliminating food insecurity in PostIndependence India led to a nationwide campaign for growing more crops. Punjab played a vital
role in achieving and sustaining nationwide food security, and as a result it is called the
“breadbasket of India” & “granary of India”. During the Green Revolution, introduction of cash
crops such as paddy (rice) into the cropping system acted as a catalyst for ensuring food security
and economic prosperity. Till 2000, 71 percent of cropped area was under rice-wheat cultivation
(Singh, 2002) and it has been increasing 3.6 times since 1960. In addition, 80% of water resources
has been used for agricultural production (Kaur et al., 2008). A severe issue of water scarcity now
plagues Punjab and neighboring states due to excessive groundwater withdrawal.
6

CHAPTER 3: LITERATURE REVIEW
The Indus Basin receives rainfall from two different sources, western winds disturbances
and the south–eastern monsoon during summer. The Indus Basin receives a major portion of
precipitation from westerly disturbances during winter and their contribution to annual
precipitation decreases from north-west to south-east (Immerzeel et al., 2015). In contrast,
precipitation from the monsoon decreases from the south-east to north–west (Sharif et al., 2013).
Madhura et al. (2015) reported that most of annual precipitation in the Upper Indus Basin (UIB)
occurs during winter, with summer precipitation only contributing one third to the annual
precipitation (Young and Hewitt, 1990) and in context to regional influence, summer monsoon has
a more prominent effect on the western Indus Basin i.e. sub basins of the Jhelum, the Chenab and
the lower Indus River (Dahri et al., 2016). However, Wake (1989) suggested that the Indus Basin
receives a major portion of annual precipitation during monsoon season at high altitudes.
Particularly in the Indus Basin, the effect of altitude on precipitation and amount of snow
stored at high elevations is quite clear and well-studied. Dahri et al. (2016) conducted a study to
analyze spatial distribution of precipitation and effects of altitude on precipitation in the Indus
Basin. It found out that precipitation increases with elevation up to a certain height after which it
declines and thus, confirming the presence of altitudinal variation in precipitation distribution over
the Indus Basin. Dahri et al. (2016) also compared precipitation results derived from different
datasets including TRMM and station gauge data and concluded that precipitation values derived
from gridded datasets of different sources are prone to significant errors and therefore, these
uncorrected datasets are not suited for hydrological modeling and water balance studies.
Archer (2003), and Fowler and Archer (2006) also mentioned altitudinal changes in
precipitation along with defining the correlation between runoff and precipitation in the UIB. Both
7

used station gauge data obtained from India Meteorological Department (IMD), Pakistan
Meteorological Department (PMD) and Water and Power Development Authority (WAPDA).
According to Archer (2003), at low elevation, precipitation mostly falls as rain and directly
contributes to runoff and similarly, if snow falls on low elevation, it melts faster than at higher
elevations and thus, become part of the runoff. In contrast, at high altitudes, precipitation occurs
as snow, and due to less available heat energy, it gets stored. Thus, runoff from glacier melt and
snow melt at high altitudes depends on the availability of heat energy rather than the occurrence
of precipitation. It was also observed that the summer runoff, in the middle elevation basins of
UIB, is correlated with winter precipitation, and negatively correlated with summer temperature
and runoff because of high evaporative loss in the summer, thus limiting the volume of snow cover
and resulting in low runoff. In contrast, this correlation does not hold well in the high altitude
basins. In high altitude basins of UIB, summer river runoff is uncorrelated with winter precipitation
but it has a positive correlation with summer mean temperature i.e. there is an increase in runoff
with increase in summer mean temperature (Fowler and Archer, 2006).
Numerous studies have done in past, to determine the spatial and temporal characteristics
of annual as well as seasonal precipitation in the Indus Basin, which have shown contrasting
results. Singh and Sen Roy (2002) had found evidence of an increasing trend in winter precipitation
and a simultaneously decreasing trend in summer precipitation. In contrast, Miehe (1992) observed
decreasing winter precipitation over the previous 30 to 40 years.
A time series analysis performed on the Upper Indus Basin (UIB) by Archer and Fowler
(2004) showed no significant long term trend in annual and seasonal precipitation. However,
Palazzi et al. (2013) found a decrease in average precipitation towards the south east, but a
significant increasing trend in average summer precipitation compared to average winter
8

precipitation in the Himalaya region. From the recent study, Palazzi et al. (2015) suggested an
increase in summer precipitation, but decrease in winter precipitation in Hindukush – Karakorum
- Himalaya (HKH) region.
Temporal variations in monthly, seasonal and annual precipitation were investigated over
the western Himalayan region for the period 1857-2006 by Kumar and Jaswal (2016). A nonsignificant decreasing trend was found in annual and winter precipitation, and a non-significant
increasing trend in post monsoon precipitation. However, monsoon and pre-monsoon precipitation
showed a significant increasing trend for the entire period (Kumar and Jaswal, 2016).
To examine the variability in hydro-meteorological parameter such as air temperature and
precipitation, Khattak et al. (2011) done a trend analysis in the Upper Indus Basin and yielded
statistically significant findings on air temperature and precipitation. Twenty meteorological and
eight hydrometric stations were considered to detect seasonal and regional trends in monthly mean
minimum air temperature, maximum air temperature and monthly mean precipitation. Khattak et
al. (2011) found that the significant decreasing trends of monthly mean minimum temperature
were prevalent for 47% of the study sites at annual scale and 35% of the stations during spring and
76% during the summer season. In contrast, monthly mean maximum temperature showed a
significantly increasing trend, especially during the winter months which had shown highest
warming trend for 71% of the stations. However, the mean monthly precipitation showed no trend
for the majority of the stations.
A similar temperature analysis was done by Fowler and Archer (2006) on the Upper Indus
Basin using meteorological data from six trans-Himalayan stations for 1900 to 2000. It was
concluded that in recent time from 1961 to 2000, there was a significant increase in diurnal
temperature range for all seasons and at annual scale. In addition, summer mean temperature,
9

summer minimum temperature, fall minimum temperature and annual minimum temperature
showed a significant decreasing trend for the majority of considered stations. On the other hand,
fall maximum temperature, winter maximum temperature, winter minimum temperature and
annual maximum temperature showed a significant increasing trend (Fowler and Archer, 2006).
These results were consistent with the results of Khattak et al. (2011).
In support to it, Bhutiyani et al. (2007) also studied trends in air temperature over northwest
Himalayan region and identified a significant rise in annual temperature of about 1.6°C in the last
century, mostly during the winter season. In addition, it was found that the minimum temperature
raise at a much lower pace relative to maximum temperature and the increase in both maximum
and minimum temperature has led to a significantly increasing trend in the diurnal temperature
range.
In order to examine impact of climate change under different glacier coverage scenario and
the estimation of water resources changes, a simulation based study was done by Akhtar et al.
(2008) using PRECIS Regional Climate Model on present climate (1961-1990) and future SRES
A2 climate scenarios (2071-2100) in Hindukush – Karakorum - Himalaya region and both
temperature and precipitation were found to increase towards the end of the 21st century.
In order to understand the trend in snow and ice storage, Immerzeel et al. (2010) used the
DMT-1 GRACE gravity model along with a precipitation trend and found a positive trend of 0.19
± 0.02 m year-1 for the Indus Basin. A Normalized Melt Index (NMI) analysis was also done to
quantify the importance of meltwater from the upstream area for the time period 2001 to 2007.
Glacier and snow melt in upstream areas of the Indus Basin were found to generate a discharge
that is 151% of the naturally generated total discharge in downstream areas.
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Numerous studies such as (Aeschbach-Hertig and Gleeson, 2012; Qureshi et al., 2010;
Hoekstra et al., 2012) have studied groundwater depletion in the Indus Basin especially in the
Punjab region. Satellite based quantification of groundwater abstraction and depletion is limited
to GRACE studies. Despite poor spatial and temporal resolution, GRACE has a unique ability to
assess total water available, i.e. surface as well as sub-surface water resources. Rodell et al. (2009)
studied the groundwater depletion over the Indian states of Rajasthan, Haryana and Punjab by
estimating the changes in terrestrial water storage using GRACE data for the period of August
2002 to October 2008 along with a land surface model. It was concluded that water withdrawals
surpassed net recharge in the region and the groundwater depletion is at the mean rate of 4.0
± 1.0 cm year-1. Rodell et al. (2009) had also suggested that anthropogenic uses (human
consumption) has a defining role in causing this severe groundwater depletion instead of natural
variability. A similar study done over Northern India using GRACE data by Tiwari et al. (2009),
resulted in same conclusion.
Chen et al. (2014) reassessed Northwest India for inter-annual variability in groundwater
storage using the newer release of GRACE data (release-5) and an advance land surface model for
10-year period between January 2003 to December 2012, to find highly significant and profound
groundwater depletion in the region.
Other than satellite based datasets, ground based measurements and hydrological models
(cooperating both remote sensing and observed datasets) have been used to assess the groundwater
depletion such as the studies done by Krishan et al. (2014) and Cheema et al. (2014). Krishan et
al. (2014) conducted a field study to observe the groundwater levels using piezometers in multiple
districts of Punjab. Monthly observed data for consecutive eight years between January 2006 to
December 2013 was used to generate trends, and which indicated decreasing ground water levels
11

over the time period. Whereas, Cheema et al. (2014) used a process based hydrologic model along
with remotely sensed precipitation and evapotranspiration datasets to quantify groundwater
abstraction and depletion over the irrigated areas of the Indus Basin. Punjab (Pakistan and India)
and Haryana were found to be most vulnerable to groundwater depletion due to the prevalence of
the groundwater driven irrigated agriculture especially the paddy-wheat cropping system.
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CHAPTER 4: DATA AND METHODS
The high altitude northern region of the Indus Basin remains covered with snow all year
round. There are very limited gauges or stations installed for measuring magnitude of snow and
other parameters due to inaccessibility and thus no in-situ long temporal record exists. Also several
uncertainties arise due to the sparse density of gauges in mountain regions. Due to spatial nonuniformity and limited data availability, reliability of these datasets has always been a concern.
Reliable observation of precipitation is very important for water management and application of
drought or flood forecasts. While overcome these difficulties, remote sensing plays a crucial role
in monitoring such high altitude and inaccessible regions of earth (Forsyethe et al., 2012) and
provide spatially consistent and reliable datasets.
Multiple datasets have been used for the assessment of variability in hydro-climatic
parameters such as precipitation, air temperature, and snow cover. In addition, satellite and ground
measurement have also been used for groundwater resource assessment over Punjab.
For precipitation measurements, NOAA’s PREC/L and NASA’s MERRA-2 datasets has
been used. NOAA’s PREC/L (PRECipitation REConstruction over Land), is a monthly dataset
with a global coverage from January 1948 to August 2018. It is available free in three spatial
resolutions (https://www.esrl.noaa.gov/psd/data/gridded/data.precl.html). For the current study,
fine resolution 0.5° latitude * 0.5° longitude was used from January 1948 to December 2010. The
MERRA-2 (the second Modern-Era Retrospective analysis for Research and Applications;
https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/) is a project that provides numerous datasets,
especially atmospheric datasets beginning from 1980 with spatial resolution of 0.5° latitude *
0.625° longitude. For this study, monthly averaged 2-dimensional Land Surface Forcing data was
13

used for measuring precipitation. It provides bias corrected three precipitation components: Liquid
Water Convective Precipitation (PRECCUCORR), Liquid Water Large-Scale Precipitation
(PRECLSCORR) and Snowfall (PRECSNOCORR). For air temperature measurements, MERRA2 monthly averaged 2-dimensional Single-Level Diagnostics data was used which provides air
temperature data at different vertical heights. For this study, only datasets providing air
temperature measurements at 2 m and 10 m was used. Also, both MERRA-2 datasets were used
from January 1980 to December 2017.
The Moderate Resolution Imaging Spectroradiometer (MODIS) Snow Cover data products
were used for identifying and quantifying the snow cover extent on land and for snow-covered ice
on inland water. It is freely available from AQUA and TERRA satellite platforms. MODIS Snow
Cover Monthly L3 Global 0.05° CMG (https://modis.gsfc.nasa.gov/data/dataprod/mod10.php)
data product from TERRA satellite platform was used for this study. It has temporal coverage from
March 2000 to the present and a fine spatial resolution of 0.05° latitude * 0.05° longitude.
However, due to the presence of data gaps, the temporal coverage of January 2004 to December
2017 was used to maintain continuity of data.
The GRACE Tellus (Gravity Recovery & Climate Experiment) data was used to determine
the groundwater trend in Punjab. For this study, GRACE Tellus JPL (Monthly Mass Grids-Land)
(https://grace.jpl.nasa.gov/data/get-data/) with 1° latitude * 1° longitude spatial resolution from
April 2002 to July 2016 was used.
Aquifer data for Punjab state was gathered from multiple reports prepared by the Central
Ground Water Board (CGWB) of the Government of India (http://cgwb.gov.in). The CGWB had
implemented a program named “Aquifer Mapping and Management Plan” on different districts of
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Punjab to analyze and assess the quality and quantity of ground water in aquifers. Table 1 provide
a summary of all data.
Table 1. District-wise summary of aquifer characteristics of Punjab (Source: CGWB Reports)
Aquifer I
Aquifer II
Average
Thickness
Thickness
Average
Average
Thickness of
below Prebelow PreSpecific
Value of
Monsoon
Monsoon
Piezometric
Storativity
Yield
Water
Level (m bgl)
Water
Level (m)
Level (m)

District

Ludhiana
Amritsar
Barnala
Bhatinda
Faridkot
Fatehgarh Sahib
Ferozpur &
Fazilka
Pathankot
Gurdaspur
Mansa
Moga
Muktsar
Patiala
Ropar
SAS Nagar
Sangrur
Punjab

40.472
79.375
53.667
69.857
58.500
58.200

0.072
35.333
0.002
0.072
54.125
0.002
0.072
58.067
0.003
0.072 Saline Water Aquifer
0.072 Saline Water Aquifer
0.072
32.200
0.001

106.400
38.750
55.200
70.200
122.200
12.625
36.500
34.808
34.667
36.889

0.072
0.072
0.072
0.072
0.072
0.072
0.072
0.072
0.072
0.072

56.769

0.072

Saline Water Aquifer
84.000
0.000
64.444
0.002
Saline Water Aquifer
Saline Water Aquifer
Saline Water Aquifer
28.250
0.002
23.098
0.000
25.333
0.002
28.889
0.002
43.374

0.002

Aquifer III
Thickness of the
Granular Zone in
Confined Aquifer
Down to Explored
Depth (m)

100.333

Aquifer III
Average Fresh Water Area Dynamic
Thickness of
Groundwater
Value of
2
Piezometric
(m )
Storativity
Resources (m3 )
Level (m bgl)

30.400

35.500
36.250
21.000

0.000
30.400

164.800

25.750

195.670

0.002 3586900000.000
2583400000.000
0.003 1351700000.000
1135200000.000
983600000.000
0.001 1116700000.000

2126740000.000
1753540000.000
615180000.000
1442000000.000
615000000.000
587000000.000

4808900000.000 4608440000.000
728430000.000 1644730000.000
0.002 2544500000.000 319590000.000

63.714

95.463
132.182
111.133
165.522

67.500
15.660
78.000
25.222

189.725
0 (34.40)
0 (34.40)
190.978

0.002
0.000
0.001
0.002

114.262

40.955

151.693

0.002

2172200000.000
2284060000.000
3302700000.000
1370400000.000
1189000000.000
3318300000.000

1165700000.000
761250000.000
1531080000.000
419470000.000
289630000.000
1735170000.000

Dynamic Groundwater Resources (m3 / m2 ) = Fresh Water Area / Dynamic Groundwater Resources = 0.604 m

The detailed characteristics of aquifers, up to 300 m below ground, are available on a
district level for Punjab. All district values were averaged to represent the overall aquifer
characteristics of Punjab, and only fresh water aquifers were considered. Using Table 1, dynamic
and in-storage groundwater resources of aquifers I, II and III, were computed as per according to
CGWB report. The following formulas were used to do so: Unconfined Aquifer I
In-storage
Groundwater
Resources

Thickness of the aquifer
(granular / productive
zone) below the zone of
water level fluctuation
down to the bottom layer
of unconfined aquifer
15

Specific
*
* yield of
the aquifer

Spatial
extent of
the
aquifer

(Storativity Concept)
Confined Aquifer Instorage Groundwater
Resources
(within the piezometer)

(Specific Yield Concept)
confined Aquifer I Instorage Groundwater
Resources
(within aquifer
thickness)

Thickness of the water
column in Piezometer of
particular confined
aquifer up to the top
layer of same confined
aquifer

Thickness of the
confined aquifer
(granular / productive
zone) down to the
bottom layer of confined
aquifer or exploitable
depth of 300 m

Storativity
of the
*
*
confined
aquifer

Specific
*
* yield of
the aquifer

Spatial
extent of
the
confined
aquifer

Spatial
extent of
the
confined
aquifer

For Aquifer II & III, total in-storage groundwater resources is equal to summation of instorage groundwater resources (storativity concept) and in-storage groundwater resources (specific
yield concept).
In addition, data on surface water potential, area under paddy cultivation, net replenishable
groundwater potential, net groundwater availability and water requirement of paddy was gathered
from literature (Kaur et al., 2008; Statistical Abstract of Punjab, various issues).
To understand the nature and dynamics of hydro-climatic variables, a Kendall-tau test was
conducted on precipitation, air-temperature and snow cover datasets. Spatial maps on trend values
of precipitation and air temperature were generated using ArcMap to shows the regions which are
under the influence of particular parameters. The color code and dots on spatial maps, respectively,
represents r-values and grid points at which significant trend is found (p<0.05).
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CHAPTER 5: RESULTS AND DISCUSSION
5.1 MERRA-2 Precipitation
5.1.1 Convective Precipitation
To determine the temporal and spatial changes in precipitation, trend analysis was conducted on
spatially averaged and actual spatial values of convective precipitation on monthly, seasonal and
annual time scales.

Figure 2. Spatial trend map of annual convective precipitation
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Table 2. Monthly, seasonal and annual trends of spatially averaged MERRA-2 convective
precipitation.
Asterisk (*) symbol shows time interval with significant p-value (p<0.05)
Time Interval

r

p

January

-0.11

0.35

February

-0.13

0.27

March

-0.16

0.17

April

0.08

0.50

May*

0.23

0.04

June*

0.25

0.02

July

0.11

0.35

August

-0.03

0.82

September

0.16

0.16

October

0.01

0.92

November

0.05

0.67

December

-0.21

0.07

DJF

-0.21

0.07

MAM

0.12

0.29

JJA

0.07

0.53

SON

0.15

0.18

Annual

0.07

0.55
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The spatially averaged annual convective precipitation showed no significant trend
(p<0.05) (Table 2), implying the overall annual convective precipitation over the region has remain
unchanged. The spatial trend map on annual convective precipitation justifies the interpretation of
an unchanged convective precipitation system except on the eastern and western edges of the Indus
Basin (IB), where it showed a significant increasing trend (Figure 2).
Similarly, the spatially averaged seasonal convective precipitations (DJF, MAM, JJA &
SON) showed no significant trend (Table 2). However, spatial trend maps of seasonal convective
precipitation showed some regions that had significant increasing or decreasing trends (Figure 3).
In particular, the DJF and MAM seasons showed an increasing and decreasing trend, respectively,
across most of the Indus Basin.
The trends of spatially averaged monthly convective precipitations remained unchanged
(statistically insignificant trend) except for May and June, which had showed a significant
increasing trend (Table 2). Figure 4A & 4B shows maps of monthly convective precipitation
trends. It is clearly visible from the map of May and June months that most of the significant points
lies on the edge and outside the boundaries of the Indus Basin. Therefore, spatially averaging
convective precipitation for these months identifies the significance for the overall Indus Basin.
In order to summarize the convective precipitation analysis over the Indus Basin, we
concluded that no statistically significant trend was found on annual, seasonal and monthly scales
except for May and June. Despite the increasing monthly trend, there were no significant seasonal
trends.
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Figure 3. Spatial trend map of seasonal convective precipitation
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Figure 4A. Spatial trend map of monthly convective precipitation
(JAN-FEB-MAR-APR-MAY-JUNE)
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Figure 4B. Spatial trend map of monthly convective precipitation
(JULY-AUG-SEP-OCT-NOV-DEC)
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5.1.2 Large Scale Precipitation
The spatially averaged annual large scale precipitation showed a significant increasing trend
(Table 3). The map of annual large scale precipitation (Figure 5) clearly distinguishes the dominant
regions where the change (increasing trend) is more prominent. It suggests that the contribution of
large scale precipitation has increased in total annual precipitation over the Indus Basin.

Figure 5. Spatial trend map of annual large scale precipitation
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Table 3. Monthly, seasonal and annual trends of spatially averaged MERRA-2 large scale
precipitation
Asterisk (*) symbol shows time interval with significant p-value (p<0.05)
Time Interval

r

p

January

0.01

0.92

February

0.07

0.55

March

-0.12

0.28

April

0.14

0.23

May

0.12

0.32

June*

0.23

0.04

July*

0.25

0.02

August

0.12

0.28

September

0.10

0.38

October

-0.04

0.71

November

0.15

0.19

December

-0.17

0.12

DJF

0.03

0.82

MAM

0.03

0.76

JJA*

0.30

0.01

SON

0.02

0.84

Annual*

0.25

0.02
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Seasonal trend analysis gives an interesting insight into the contribution of seasonal large
scale precipitation to the annual large scale precipitation. The spatially averaged seasonal large
scale precipitations for DJF, MAM & SON season showed no significant trend (Table 3).
However, spatially averaged seasonal large scale precipitations for JJA showed a very
significant increasing trend, which is supported by an increasing trend for June and July spatially
averaged large scale precipitation. The maps highlight the hotspot regions where seasonal changes
have been occurring (Figure 6). It is inferred from the JJA seasonal map that the control of JJA
contribution to total large scale precipitation for the Indus Basin, originates from the northern Indus
Basin. Thus, the prevalence of a decreasing trend in the southern Indus Basin has not affected the
total spatial average of the entire region. Similar results were derived from the annual map (Figure
5).
As mentioned earlier, except June and July, the trends of spatially averaged monthly large
scale precipitation were not significant (Table 3). Figure 7A & 7B shows maps of monthly large
scale precipitation trends.
The whole large scale precipitation over the Indus Basin shows a statistically significant
trend on annual scale which results from an evidently significant increased JJA trend, which has
further supported by increasing June and July months trends.
The notable conclusion of the spatial trend analysis is that the central parts of the Indus
Basin are statistical unchanged and most of the trends are found along the boundaries and
surrounding regions of the Indus Basin.
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Figure 6. Spatial trend map of seasonal large scale precipitation
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Figure 7A. Spatial trend map of monthly large scale precipitation
(JAN-FEB-MAR-APR-MAY-JUNE)
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Figure 7B. Spatial trend map of monthly large scale precipitation
(JULY-AUG-SEP-OCT-NOV-DEC)
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5.1.3 Snowfall
No significant trends were found on annual, seasonal and monthly scales (Table 4). The maps
(Figure 8, 19, 20A & 20B) shows annual, seasonal and monthly snowfall trends respectively. It is
depicted from the maps that most of regional significance has occurred on the northern regions but
mostly out of the boundary limits of the Indus Basin.

Figure 8 Spatial trend map of annual snowfall
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Table 4. Monthly, seasonal and annual trends of spatially averaged MERRA-2 snowfall
Time Interval

r

p

January

0.06

0.62

February

0.19

0.08

March

-0.11

0.34

April

0.01

0.90

May

-0.02

0.84

June

-0.001

1.00

July

-0.07

0.53

August

0.09

0.42

September

0.06

0.59

October

-0.09

0.43

November

0.10

0.38

December

-0.11

0.34

DJF

0.21

0.07

MAM

-0.11

0.38

JJA

-0.02

0.88

SON

0.02

0.84

Annual

0.10

0.38

30

5.1.4 Total Precipitation
The spatially averaged annual total precipitation showed no significant trend (Table 5),
implying the overall annual total precipitation over the region has remain unchanged, despite the
presence of significantly increasing annual large scale precipitation trend. In support of this, the
trend map of annual total precipitation also shows no changes except on the boundary and
surrounding regions (Figure 9).

Figure 9. Spatial trend map of annual total precipitation
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Table 5. Monthly, seasonal and annual trends of spatially averaged MERRA-2 total precipitation
Asterisk (*) symbol shows time interval with significant p-value (p<0.05)
Time Interval

r

p

January

-0.001

1.00

February

0.08

0.50

March

-0.15

0.18

April

0.14

0.23

May

0.13

0.24

June*

0.26

0.02

July

0.21

0.07

August

0.07

0.52

September

0.14

0.23

October

-0.007

0.96

November

0.13

0.27

December

-0.18

0.11

DJF

0.08

0.49

MAM

0.04

0.74

JJA

0.18

0.11

SON

0.09

0.41

Annual

0.19

0.09
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Although the spatially averaged seasonal total precipitations (DJF, MAM, JJA & SON)
showed no significant trend (Table 5), trend maps of seasonal total precipitation exhibit hotspot
regions where significant increasing and decreasing trend are evident (Figure 10).
The trends of spatially averaged monthly total precipitation are not significant except for
June, which showed a significant increasing trend (Table 5). Even though the June month trend
shows a promisingly increasing trend, it was insufficient to produce a JJA seasonal trend. Figure
11A &11B shows maps of monthly total precipitation trends.

Figure 10. Spatial trend map of seasonal total precipitation
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Figure 11A. Spatial trend map of monthly total precipitation
(JAN-FEB-MAR-APR-MAY-JUNE)
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Figure 11B. Spatial trend map of monthly total precipitation
(JULY-AUG-SEP-OCT-NOV-DEC)
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To summarize the MERRA 2 precipitation results (for all type of precipitations, i.e.
convective precipitation, large-scale precipitation, snowfall and total precipitation), the Indus
Basin shows no significant trends in precipitation. Only on the edges of the region, in Afghanistan
and China (eastern and western boundary regions of the Indus Basin), shows evidence of changing
precipitation, otherwise the central Indus Basin (majority of the Pakistan portion of the basin) has
no significant trend.

5.2 PREC/L Precipitation
The trend test on spatially averaged annual, seasonal and monthly precipitation was not significant
except for the month of June (Table 6).

Figure 12. Spatial trend map of PREC/L annual precipitation
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Trend maps (Figure 12, Figure 13 & Figure 21A & 21B) provide an insight regarding
patterns of respectively annual, seasonal and monthly precipitation trends in the Indus Basin.
Table 6. Monthly, seasonal and annual trends of spatially averaged PREC/L precipitation
Asterisk (*) symbol shows time interval with significant p-value (p<0.05)
Time Interval

r

p

January

-0.14

0.11

February

0.08

0.36

March

-0.13

0.13

April

-0.09

0.32

May

0.07

0.38

June*

0.24

0.004

July

-0.08

0.33

August

-0.03

0.70

September

-0.01

0.90

October

-0.04

0.66

November

0.08

0.33

December

0.001

0.99

DJF

0.001

0.99

MAM

-0.13

0.14

JJA

0.006

0.95

SON

-0.01

0.90

Annual

-0.06

0.50
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The most interesting and highest significance was observed for the month of June, when
precipitation shows a remarkably significant increasing trend over the complete time period (Table
6) and over the majority of arable land (Figure 21A & 21B). But, despite the highly significant
June month precipitation trend, JJA season has shown no significant trend.

Figure 13. Spatial trend map of PREC/L seasonal precipitation
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Findings from the PREC/L dataset are consistent with those of the MERRA-2 dataset.
Maps produced from both datasets lead to similar conclusions, namely that the majority of
changing precipitation trends (annual, seasonal and monthly) have occurred at the boundary or the
neighborhood regions of the Indus Basin. The month of June is an exception, with a significant
increasing trend within the boundary limits of the Indus Basin.

5.3

MERRA-2 Air Temperature

Monthly, seasonal and annual trend test conducted on spatially averaged air temperature data
available at vertical height of 2 m (Table 7) and 10 m (Table 8) give coherent and consistent results
that imply no significant change in air temperature trends, except the month of October which
shows a significantly increasing trend at both 2 m and 10 m from surface.

Figure 14 Spatial trend map of annual air temperature at 2 m
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Table 7. Monthly, seasonal and annual trends of spatially averaged MERRA-2 air temperature at
2m
Asterisk (*) symbol shows time interval with significant p-value (p<0.05)
Time Interval

r

p

January

0.07

0.53

February

0.13

0.26

March

0.21

0.06

April

0.10

0.37

May

0.12

0.30

June

-0.08

0.47

July

-0.11

0.35

August

-0.02

0.84

September

0.001

1.00

October*

0.26

0.02

November

0.12

0.30

December

-0.007

0.96

DJF

0.12

0.29

MAM

0.21

0.06

JJA

-0.11

0.32

SON

0.19

0.09

Annual

0.18

0.11

40

Table 8. Monthly, seasonal and annual trends of spatially averaged MERRA-2 air temperature at
10 m
Asterisk (*) symbol shows time interval with significant p-value (p<0.05)
Time Interval

r

p

January

0.10

0.41

February

0.13

0.26

March

0.22

0.05

April

0.09

0.44

May

0.12

0.29

June

-0.10

0.38

July

-0.10

0.37

August

-0.03

0.82

September

0.004

0.98

October*

0.26

0.02

November

0.09

0.44

December

0.01

0.90

DJF

0.14

0.22

MAM

0.21

0.06

JJA

-0.12

0.29

SON

0.17

0.12

Annual

0.19

0.09
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Maps of the trends show hotspots, which have significantly changing air temperature trends
(Figure 14 & 15 annual; Figure 22 & 24 seasonal; Figure 23A, 23B, 25A & 25B monthly for air
temperature at 2 m & 10 m respectively). March and October month maps show extensive areas
over which a significant increasing trend is observed.

Figure 15 Spatial trend map of annual air temperature at 10 m

5.4 MODIS Snow Cover
Trend analysis on MODIS snow cover data does not show any statistically significant
results for any temporal resolution (monthly, seasonal and annual) (Table 9). Trend analysis on
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available data indicates that snow cover extent has not significantly changed over the Indus Basin
region.
Table 9. Monthly, seasonal and annual trends of spatially averaged MODIS snow cover extent

Time Interval

r

p

January

-0.38

0.06

February

-0.17

0.45

March

-0.01

1.00

April

-0.08

0.75

May

-0.06

0.83

June

-0.09

0.67

July

-0.18

0.38

August

0.06

0.83

September

0.12

0.59

October

-0.34

0.10

November

0.34

0.10

December

-0.01

0.67

DJF

-0.45

0.06

MAM

0.03

0.91

JJA

-0.18

0.38

SON

0.06

0.83

Annual

-0.23

0.28
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5.5 Combined Overview on Hydro-climatic Parameters
In order to understand the uncertainty and variability of hydro-climatic parameters, a
comprehensive trend test was conducted on precipitation, air temperature and snow cover extent
to evaluate changes in the respective parameters over monthly, seasonal and annual scales. All
three parameters showed no evidence of changing trends in the last several decades, (depending
upon the time period over which data are available). However, there have been some exceptions
where significant trends have been found such as the month of June, which has shown a significant
increasing trend in precipitation, and the month of October, which exhibits a significant increasing
trend in air temperature. Despite significant change in the June precipitation and October air
temperature, the corresponding seasonal and annual changes are negligible. Thus, the hydroclimatic system of the Indus Basin can be assumed to be unchanged.

5.6 Current and Prospective Status of Groundwater in Punjab
Although the hydro-climatic system appears to be stable, the Punjab (India) region has
been under continuous water stress for an extended period of time. This water stress suggests an
additional factor influences the natural system. Considering this vibrant behavior, Punjab (India)
region was selected for groundwater analysis. We believe that this additional factor is the
introduction of paddy crop into the traditional cropping system, which has changed the water
demand, while supply remain almost constant. The water requirement for paddy crop is 1200-1400
mm, which is far more than a complete cropping rotation (wheat-maize:- traditionally implemented
cropping rotation in Punjab). Therefore, the implementation of water intensive crops in both
seasons (kharif & rabi; paddy-wheat) has escalated the water demand and forced to rely on
groundwater resources. This overwhelming demand has resulted in continuous water stress for the
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region for last decades and continuous withdrawal has brought the region to become a complete
water scarce. This situation was first surfaced in the early 1970’s, when an exponential increase in
paddy’s area led to increase in water demand which had fulfilled by intensive groundwater
extraction and that, eventually surpassed the annual groundwater recharge in following decade.
A comprehensive study was conducted out on aquifers to quantify the fresh groundwater
resources and its availability for agricultural use. Trend analysis on GRACE data indicated a highly
significant decline in groundwater (r value = -0.79), implying over-exploitation of groundwater
storage; far more than the recharge. The current rate of groundwater depletion in the region
suggests toward the inevitability of no fresh groundwater scenario, and that, the region will have
depleted all the useable fresh groundwater resources in the future.

Assumptions
A set of assumptions were made to determine the timeline for which a particular aquifer would no
longer sustain agriculture:
1) Despite the paddy-wheat cropping pattern, only the paddy crop is considered for this study.
This choice was made due to the introduction of paddy into mainstream cropping rotation
during the Green Revolution. We suspect this addition is the main cause of groundwater
exploitation and depletion and we wanted to investigate the core influence of paddy cultivation
on groundwater resources.
2) The full potential of available surface water and fresh groundwater is considered and assumed
to be focused toward agricultural purposes only (paddy crop).
3) Aquifer availability and groundwater recharge is considered as a proportion to paddy area for
the particular year.
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Based on available aquifer mapping data, the aquifers up-to 300 m below ground level have
already been tapped in Punjab. The following timelines were generated using spatially averaged
aquifer data over Punjab: 1) The aquifer I along with full potential of surface water and dynamic ground water
resources becomes insufficient to meet the water requirement of paddy crop with respect
to area under paddy cultivation in between year 2008-09 (Figure 16).
Paddy Water Requirement
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Water Available in Aquifer I
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Volume (m3)

1E+11

Year

Figure 16. Timeline for Aquifer I with respect to Paddy Water Requirement

2) The second tier of aquifers i.e. aquifer II would only be sufficient until time period 202021 (Figure 17).
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Figure 17. Timeline for Aquifer II with respect to Paddy Water Requirement

3) With respect to the increase in area under paddy crop and to meet the associated water
requirement, aquifer III would be the last groundwater resource. It is estimated that water
requirement will surpass the total water available from accumulative contribution of
surface water, dynamic groundwater resources, aquifer I, aquifer II and aquifer III in
period between 2031-33. This trend suggested an imminent desertification of Punjab
(Figure 18).
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Figure 18. Timeline for Aquifer III with respect to Paddy Water Requirement
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CHAPTER 6: SUMMARY AND CONCLUSION
6.1 Summary
The following observations and conclusions were generated through this study:
1) Among hydro-climatic parameters, precipitation and temperature have direct influence on
agriculture in terms of crop production and yield. In this study, trend analysis was conducted on
precipitation and air temperature to investigate the spatial and temporal variability over the Indus
Basin. This did not yield a significant temporal trend, but the spatial trends demonstrated the nonuniform distribution of precipitation. The consistency in results derived from PREC/L dataset that
provided a long term view of precipitation trends, combined with the MERRA-2 dataset has
clarified the ambiguity in the literature. In addition, MERRA-2 precipitation dataset provided
insights regarding total precipitation components indicating strong spatial variation in large scale
precipitation and in convective precipitation. A significant increasing trend was found in annual
and JJA seasonal large scale precipitation, but this trend did not contribute any changes in total
precipitation over the Indus Basin and thus, the annual and seasonal trends of total precipitation
were insignificant.
Air temperature data was also similarly analyzed at 2 m and 10 m vertical height and
yielded no significant annual and seasonal trends. Both air temperature and precipitation showed
no annual or seasonal trends except some monthly trends.
The trend analysis on snow cover extent gave inconclusive results, however a nonsignificant decreasing trend was observed at the annual scale.
2) Groundwater depletion is major concern in Punjab. To understand the severity of the
problem, aquifer characteristics were assessed to quantify groundwater resources. Considering
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paddy as a sole crop grown annually in the region, a timeline was generated to estimate when
groundwater provided by certain aquifer would be insufficient to meet the demand of paddy water
requirement over that region. It is concluded that with the recent trend in agriculture practices and
groundwater depletion, the groundwater resources up to 300 m would be exhausted in the next 1015 years.

6.2 What Could be the Ideal Agricultural Scenario in the Indus
Basin?
Agriculture is the major user of water resources in the Indus Basin. As precipitation and
temperature showed no trend, there wouldn’t be any water stress presuming water demand and
water utilization practices remained unchanged.
The average annual rainfall in the Punjab region is 810 mm, and the cumulative water
requirement of conventional cropping pattern (wheat and maize) is around 1000 mm. With an
intensive network of rivers, the gap between precipitation and water demand (190 mm) could be
easily delivered without adding stress to groundwater resources, which makes conventional
cropping pattern quintessential. It was possible to sustain agriculture on rain-fed system with
limited surface and sub-surface water availability (through canals and shallow groundwater
resources).
Even if wheat and maize area had cumulatively increased at the same pace as paddy area,
groundwater decline wouldn’t be an issue. As cumulative water requirement for wheat and maize
is around 70 % of the water requirement for paddy crop.
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6.3 Future Work
6.3.1 Scope for Future Exploratory Studies on Hydroclimatic Parameters
Due to the short period of data, a statistical analysis on a few parameters like snow cover
did not give conclusive results. This opens a window of opportunity in coming years to repeat
these experiments. This study also lays the groundwork for applying these approaches to similar
agricultural basins around the world.

6.3.2 Trade-off Between Food Security and Water Security
It is evident that the main cause of groundwater depletion is anthropogenic usage rather
than natural variability. The need for fulfilling the food demands of a growing population along
with ensuring socio-economic status and achieving self-sustaining food security within the basin
has put groundwater resources under enormous stress. During the Green Revolution in the 1960s,
Punjab achieved the title of ‘granary of India” by ensuring self-sufficiency in terms of food grain
production, with surplus for export. However, this food security was achieved and ensured through
intensive use of high yielding and genetically modified crop varieties, use of chemical fertilizers,
assured irrigation and expansion of area under cultivation, which is further supported by
mechanization. In addition, paddy crop was introduced during that era, which have brought
unprecedented consequences in recent time. The paddy-wheat cropping rotation has replaced the
conventional cropping pattern of wheat-maize in Punjab due to continuous financial support and
promotion by government along with assured pricing. The high water requirement of paddy and
exponential rise in its area has led to excessive groundwater withdrawal, and consequently, has
brought Punjab to the brink of becoming water abundant to water scarce.
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This entire study provides an opportunity to look forward to how the trade-off prioritizing
food security over water security has costed the region. A recent study by Davis et al. (2018) has
shed light on the need of alternative to paddy crop. It is found that rice is the least water efficient
cereal crop in the context of producing key nutrients, and if any other cereal crop having lower
irrigation water footprint is used as replacement to rice, it can decrease water demand by 33 % and
increases the percentage of key nutrient as well. Thus, this study provide a platform for future
studies focusing on nutritional security along with water and food security.
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CHAPTER 8: APPENDIX

Figure 19. Spatial trend map of seasonal snowfall

58

Figure 20A. Spatial trend map of monthly snowfall
(JAN-FEB-MAR-APR-MAY-JUNE)
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Figure 20B. Spatial trend map of monthly snowfall
(JULY-AUG-SEPT-OCT-NOV-DEC)
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Figure 21A. Spatial trend map of PREC/L monthly precipitation
(JAN-FEB-MAR-APR-MAY-JUNE)
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Figure 21B. Spatial trend map of PREC/L monthly precipitation
(JULY-AUG-SEPT-OCT-NOV-DEC)
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Figure 22. Spatial trend map of seasonal air temperature at 2 m
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Figure 23A. Spatial trend map of monthly air temperature at 2 m
(JAN-FEB-MAR-APR-MAY-JUNE)
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Figure 23B. Spatial trend map of monthly air temperature at 2 m
(JULY-AUG-SEPT-OCT-NOV-DEC)
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Figure 24. Spatial trend map of seasonal air temperature at 10 m
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Figure 25A. Spatial trend map of monthly air temperature at 10 m
(JAN-FEB-MAR-APR-MAY-JUNE)
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Figure 25B. Spatial trend map of monthly air temperature at 10 m
(JULY-AUG-SEPT-OCT-NOV-DEC)
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